Abstract Reuse of wastewater is regarded as one important way to deal with the world's shortage of potable water. The authors focused on a disinfection system using micro-bubbles and evaluated its capability for wastewater reuse. This paper reports experimental results from examination of the basic characteristics of micro-bubbles and disinfection of secondary effluent by air or ozone micro-bubbles. The results suggest that when micro-bubbles are applied in an ozonation system it is possible to reduce the reactor size, the amount of ozone decomposition equipment needed and the ozone dose rate.
Introduction
Owing to current social trends which promote a recycling-oriented society and world-wide potable water shortages, wastewater reuse has been spreading. Ozone treatment plants are one way to both disinfect and decolorise/deodorise treated wastewater, and there have been various efforts to improve plant economic efficiency (Takagi et al., 2002) .
Many studies have been conducted on micro-bubbles (less than 50 mm in diameter and with high solubility and reactivity) in various fields (e.g. treatment of industrial effluent). Several research studies have shown that owing to the balance between high pressure and surface tension, local hot spots are formed by intense heat when the gas contained in micro-bubbles is compressed. Because of the pyrolytic decomposition occurring within the collapsing bubbles, OH radicals and shock waves can be generated at the gas -liquid interface (Kimura and Ando, 2002) . Moreover, some micro-bubbles that rapidly collapse in ultrasonic pressure waves may remain for a long time in water as "nano-bubbles" in contrast with unstable micro-bubbles (Takahashi, 2003) . Characteristics of both microbubbles and nano-bubbles, however, have not been sufficiently studied.
When the micro-bubbles include gases which have an oxidising ability, such as ozone, they can be applied to various water treatment methods, including wastewater reuse systems. For example, an ozonation system with micro-bubbles may offer improved disinfection ability due to the OH radicals or pressure waves, and have high solubility and stable, long-term operation. In this way high performance water treatment is expected, although the problem in this system is getting better bubble generation efficiency. The efficiency affects the size and operational cost of ozone decomposition equipment, and additional power consumption to generate micro-bubbles should be kept at a low level.
The present study is intended to evaluate the capability of an ozonation system for wastewater reuse. This paper reports experimental results from examinations of the basic characteristics of micro-bubbles to clarify the disinfection mechanism of micro-bubbles, the inactivation capacity of micro-organisms in secondary effluent by ozone microbubbles, and the efficiency for micro-bubble generation with an undissolved bubble collector to realise practical performance.
Methods

Measurement of distribution of micro-bubble diameter
To confirm characteristics of micro-bubbles, first the bubble diameter distribution was measured and then images of micro-bubbles were examined under a microscope. Microbubble generation methods are classified broadly into turbulence utilisation methods and pressure solution system methods. It was reported that the latter methods gave microbubbles of comparatively smaller and more uniform size (Inaba et al., 2003) . The pressure solution system used in the present study consisted of a pump, solution tank and nozzle. An analyser using laser diffraction scattering (Beckman Coulter, L230) was employed to measure the bubble diameter distribution. The tap water (as test fluid) with micro-bubbles was continuously injected to the flow cell which was installed inside the analyser.
Photographs of the image of test fluid including generated micro-bubbles were taken for sample in a covered dish of 10-mm depth.
Measurement of OH radicals generated by collapse of micro-bubbles
In order to confirm the inactivation capacity of micro-organisms given by collapsing of micro-bubbles, disinfection experiments with air micro-bubbles were conducted in a circulated system ( Figure 1) .
As a factor affecting the disinfection effect, the amount of OH radicals was measured using a reaction for the determination of OH radicals which generates a fluorescing substance (Setsukinai et al., 2003) . Based on the assumption that there is a linear relation between the detected fluorescence intensity and the amount of generated OH radicals, the relative amount of generated OH radicals (C OH ) is expressed as:
where I 0 is fluorescence intensity of test fluid and I n is fluorescence intensity under each condition.
To give the micro-bubbles a large pressure difference, ultrasonic waves were also irradiated into the tap water (as test fluid) ( Table 1 ). 
Measurement of dissolved ozone in the presence of micro-bubbles and nano-bubbles
In the ozone dissolution experiments, dissolved concentrations of ozone were measured when injecting ozone into tap water as micro-bubbles and nano-bubbles. To generate nano-bubbles, the ozone micro-bubbles (30-40 mm in diameter) were injected into tap water by the bubble generator described above and were pressurised. They then flowed through the second nozzle developed by the authors, as shown in Figure 2 . A large pressure difference occurred across the second nozzle, resulting in some micro-bubbles collapsing into nano-bubbles after passing though the second nozzle. If this occurred, ozone gas would stay in the water as nano-bubbles and it would dissolve slowly, with the possibility that the half-life of the ozone (t 0.5 ) would be longer.
To confirm generation of nano-bubbles by the above hypothesis, temporal change of dissolved ozone was measured after stopping ozone injection.
Examination of disinfection of wastewater secondary effluent with ozone micro-bubbles
Disinfection of secondary effluent in the test apparatus was done to simulate the continuous flow of the ozone micro-bubble reactor (Figure 3 ) and evaluate its disinfection ability.
The experiments were conducted as a continuous process, whereby 1.2 L/min of raw secondary effluent (as test fluid) at 24 8C was pumped into the reactor. The reactor consisted of eight narrow paths (60 £ 80 mm in area) and was designed to be 1,100 mm in depth since a high adsorption effect of micro-bubbles was expected. A circulation line placed at the first reactor path had an ozone injector, a pump, and the same nozzle as used to generate nano-bubbles in the above experiment to supply ozone micro-bubbles into the test fluid flow. Experiments were conducted at a pump discharge pressure of 0.3 MPa, with a 40 mg-O 3 /L concentration of ozone gas and with 10 minutes contact time to evaluate the inactivation capacity of the coliform group.
Investigation of generation of micro-bubbles
To achieve the micro-bubble generation efficiency which is necessary for practical use of any system using micro-bubbles, the structure of the bubble generator was modified.
First, the nozzle was exchanged for one which can change the flow area of the circulation line to maximise generation efficiency of micro-bubbles and get their desired diameter distribution. In conventional equipment, large bubbles which are 1-5 mm in diameter are present along with the micro-bubbles after the nozzle and they are transferred into the reactor. In order to increase the amount of dissolved ozone before the test fluid enters the nozzle and to prevent large bubbles from forming with the micro-bubbles, a collector tank was installed between the pump and nozzle which collected large undissolved bubbles and discharged them into the re-injection tap in the circulation line (Figure 4) . By adjusting both the opening ratio of the nozzle and revolution speed of the pump by using an inverter, pump pressure was controlled at 0.15 -0.3 MPa.
As an indicator of micro-bubble generation ability, micro-bubble generation efficiency and micro-bubble volume ratio are defined as follows:
where l mB is rate of micro-bubbles generation efficiency (%), s mB is rate of microbubbles volume ratio (%), q in is re-injected gas flow (L-gas/min), q loss is undissolved gas flow (L-gas/min), q mB is gas inside micro-bubble flow (L-gas/min) and Q r is re-injected gas flow (L-mixture/min). 
Results and discussion
Distribution of micro-bubble diameter
The distribution of bubble diameter is shown in Figure 5 . The conditions and the results are shown in Table 2 . The mode value was 30-60 mm and it had a tendency to decrease as the pressure increased. This was considered to be due to high pressure causing an increase of dissolved ozone resulting in an increase in the number of small diameter micro-bubbles. A photograph of micro-bubbles generated in tap water that attached themselves to the inner side of the cover glass is shown in Figure 6 .
OH radicals generated and rate of inactivation of Escherichia coli
Rate of inactivation of E. coli, detected under three conditions of ultrasonic wave irradiation and air micro-bubbles injection, is shown in Table 3 . Although E. coli was approximately not inactivated under ultrasonic irradiation only, about 25% of E. coli was inactivated in the presence of air micro-bubbles. Moreover, when the air micro-bubbles were ultrasonically irradiated, about 44% of E. coli was inactivated. This is considered to be due to OH radicals or shock waves generated when microbubbles were collapsed by ultrasonic irradiation. According to the measurement results of OH radicals shown in Figure 7 , OH radicals are generated in the presence of air microbubbles, their number increased immediately after the bubble injection, when dissolved oxygen amount was still low.
The measurement results of OH radicals were in agreement with inactivation results of air micro-bubbles. This suggests that there is some contribution from OH radicals generated by collapsing micro-bubbles to disinfection.
Reactivity of micro-bubbles and duration of nano-bubbles
Dissolution velocity of ozone, which is defined as change in slope of the dissolved ozone concentration in areas it was increasing linearly, is shown in Table 4 , where ozone was injected by the porous diffuser and micro-bubble generator under the conditions of ozone gas concentration ¼ 4 mg/L, ozone gas flow ¼ 0.75 mL/min into 30 L of test fluid (pure water tap water or PBS (phosphate buffered saline)). In the three test fluids, the dissolution velocity of ozone which was injected by the micro-bubble generator was higher than that by the diffuser.
As shown in Figure 8 , when the micro-bubble generator injected ozone, the half-life of the ozone (t 0.5 ) in tap water at 19.2 8C was 1.6 times longer than that of millimetre-order Figure 7 Relative amount of OH radicals generated in micro-bubbles; with and without ultrasonic wave irradiation (20 kHz, irradiated periodically for 5 s) bubbles generated by a porous diffuser. This result may be attributed to ozone retaining a gaseous form within the micro-bubbles, and then dissolving in bulk water after a certain time delay (Takahashi, 2003) . Moreover, t 0.5 was extended with increased pressure on the flow upstream of the second nozzle. Based on these results, the ozonation system using micro-bubbles may be able to reduce ozone consumption because of its high dissolution efficiency and long lifetime of nano-bubbles generated by collapsing of micro-bubbles.
Rate of inactivation of coliform group in ozone micro-bubbles
The rate of the inactivation of the coliform group was expressed as 2 log 10 (C/C 0 ), where C 0 is the initial coliform group population (CFU/L) and C is the remaining coliform group population (CFU/L). Figure 9 shows that the rate of inactivation of the coliform group increased in line with the increase in ozone dose rate, and that ozone consumption in the present system using micro-bubbles could be reduced by about 3 mg-O 3 /L compared with a conventional system (sand-filtered secondary effluent) (Ozone Handbook, 2004 ) to achieve a 2-log inactivation of the coliform group. These results indicate that the mass transfer of ozone is primarily enhanced by increasing both the interfacial area to volume and bubble residence time in the reactor. In addition, they show the possibility that OH radicals and shock waves generated by the collapse of micro-bubbles may influence inactivation of the coliform group, although differences in the contribution of each effect to the inactivation were not clear. This result suggests that by using ozone Pure water and tap water were 12^0.5 8C, PBS was 20.58C. Figure 8 Half-life of ozone in tap water versus water temperature micro-bubbles for disinfection systems, the ozone dose rate can be decreased, even in a reactor of about 1-m depth.
Generation efficiency of micro-bubbles
In a water treatment flow which has a circulation path like that shown in Figure 3 , lower bubble volume rate requires higher circulation flow rate in order to maintain the correct ozone dose rate. This causes an increase of power consumption of the pump similar to the increase of power consumption at higher pressure. Also, lower micro-bubble generation efficiency means more ozone gas will be undissolved which requires comparatively large power consumption for the ozone decomposition equipment. Based on a cost estimation, performance and operating conditions were set as follows to realise a practical system with bubble generation efficiency higher than 80%: pressure , 0.3 MPa and volume rate .3%.
As shown in Figure 10 , by changing the flow area of the nozzle and by collection and reinjection of large bubbles, the experimental apparatus was able to operate at conditions that realise the desired performance. This is considered to be the result of increasing the dissolved ozone and reducing formation of large bubbles with the micro-bubbles. When a microbubble ozonation system is operated under the above conditions, both initial and running costs are estimated to be reduced compared with the conventional system using a diffuser.
Conclusions
This paper reported experimental results for basic characteristics of micro-bubbles and the disinfection efficiency of secondary effluent by air or ozone micro-bubbles.
The conclusions were as follows.
(1) Distributions of micro-bubbles diameter generated by the modified apparatus were measured and the mode value was 30 -60 mm and it had a tendency to decrease as the pressure increased. OH radicals were detected in water containing air microbubbles, and OH radical generation was in agreement with inactivation results by air micro-bubbles. (2) The dissolution velocities of ozone injected by the micro-bubble generator were higher than velocities of millimetre-order bubbles generated by a porous diffuser, and the half-life of the ozone (t 0.5 ) was 1.6 times longer for the former. (3) The ozone dose rate in the present system using micro-bubbles was reduced compared with a conventional system to achieve the same inactivation rate of coliform group. (4) The experimental ozonation system could be operated at pressure lower than 0.3 MPa and volume rate higher than 3%. These conditions gave bubble generation efficiency that was higher than 80%. (5) The above experimental results suggested that using micro-bubbles in an ozonation system would make it possible to reduce the reactor size, the amount of ozone decomposition equipment and the ozone dosage.
